Abstract. We studied local magnetic properties of triple-CuO2-layer superconductors HgBa2Ca2Cu3O 8+δ with rich 63 Cu isotope (underdoped Tc = 124 K and optimally doped Tc = 134 K) by 63 Cu NMR spin-echo techniques. The temperature dependences of the 63 Cu nuclear spin-lattice relaxation rate 63 (1/T1) and the spin Knight shift 63 Kspin of the inner plane Cu(1) site were nearly the same as those of the outer plane Cu(2) site in the normal states. The pseudogap temperature T * defined as the maximum temperature of 63 (1/T1T ) was 190 K for the underdoped Tc = 124 sample and 143 K for the optimally doped Tc = 134 K sample. The NMR results indicate the uniform hole distribution in the three layers, which is consistent with a coalescence of three-derived Fermi surfaces predicted by a band theory. The room temperature in-plane 63 K ab spin depends on whether the number of CuO2 planes per unit cell is even or odd for the Hg-based multilayer cuprate superconductors.
Introduction
The optimally hole doped HgBa 2 Ca 2 Cu 3 O 8+δ (Hg1223) has the highest superconducting transition temperature T c = 134 K among the ever reported cuprate superconductors [1, 2] . Hg1223 has three CuO 2 planes per unit cell. Crystallographically inequivalent Cu sites are the 4-oxygen coordinated inner plane (IP) Cu(1) site and the 5-oxygen coordinated outer plane (OP) Cu(2) site. The left panel in Fig. 1 is an illustration of the crystal structure of Hg1223. One of the issues on the multilayer cuprate superconductors is how the doped holes distribute in the multiple planes per unit cell. NMR spin-echo techniques enable us to observe selectively the inequivalent Cu sites.
Transport measurements for single crystals Hg1223 with T c = 134 K tell us the effects of antiferromagnetic spin fluctuations and a pseudogap [3] . The pseudogap temperature of T * is defined as the peak temperature of the 63 Cu nuclear spin-lattice relaxation rate divided by temperature 1/T 1 T . The spin pseudogap opens below T * . The Cu nuclear spin-lattice relaxation studies revealed the pseudogap for underdoped single crystals with T c = 115 K (T * = 230 K) [4] , an underdoped Re-substituted powder sample with T c = 126 K (T * = 172 K) [5] , and an optimally doped powder sample with T c = 133 K (T * = 160 K) [6, 7] . Closed circles and crosses are for as-synthesized and O 2 -annealed samples, respectively.
In this paper, we report the site-selective 63 Cu NMR measurements for two serial samples of the triple-CuO 2 -layer high-T c superconductors Hg1223, in which the isotope 63 Cu was enriched to improve a NMR signal-to-noise ratio. We found uniformly hole-doped CuO 2 planes and an in-plane spin Knight shift 63 K ab spin associated with the number parity of CuO 2 planes per unit cell.
Experiments
Polycrystalline powder samples of Hg1223 were prepared by a solid state reaction of mixed powders of high-purity HgO, BaO, CaO, and 63 Cu-rich CuO (the isotope 63 Cu of concentration > 90%) [8] . The mixed powder was pelletized and encapsulated in a quartz tube under high vacuum. The pellets sealed in the evacuated tube were fired at 775 • C for 4 days. As-synthesized samples are underdoped superconductors. A part of the as-synthesized samples was annealed in O 2 gas at 370 • C for 12 hours and then cooled for 10 hours. Two serial samples with assynthesized and O 2 -annealed were confirmed to be in single phase by measurements of powder X-ray diffraction patterns. The powder samples mixed in epoxy (Stycast 1266) were oriented and cured in a magnetic field of ∼7.5 T at room temperature. NMR experiments were performed for the magnetically c-axis aligned powder samples of Hg1223.
The right panel in Fig. 1 shows zero-field cooled and field cooled magnetizations of the aligned powder samples of Hg1223, which were measured by a superconducting quantum interference device (SQUID) magnetometer (QUANTUM Design, MPMS). The onset temperature of superconductivity was T c = 124 K for the as-synthesized underdoped sample and T c = 134 K for the O 2 -annealed optimally doped sample [9] . The magnetization for the O 2 -annealed sample shows a weak temperature dependence around 90 K. Although the weak temperature dependence might be due to an inhomogeneous oxygen distribution, an overdoped Hg1223 with T c = 90 K is unprecedented.
A phase-coherent-type pulsed spectrometer was utilized for the 63 Cu NMR (a nuclear spin I = 3/2, the nuclear gyromagnetic ratio 63 γ n /2π = 11.285 MHz/T) experiments at an external magnetic field of B 0 = 7.4847 T and a reference Larmor frequency of ν L = 63 γ n B 0 = 84.465 MHz. The NMR frequency spectra were obtained from the integration of the 63 Cu nuclear spin-echoes. 63 Cu nuclear spin-lattice relaxation curves were obtained by an inversion recovery technique. The nuclear spin-lattice relaxation time 63 T 1 was estimated by using the theoretical curve for the transition line of I z = 1/2 ↔ -1/2 of a spin I = 3/2. The subscript indices cc or ab of Knight shifts 63 K's and nuclear spin-lattice relaxation rates (1/ 63 T 1 )'s indicate the direction of a static magnetic field applied along the c axis or in the ab plane.
Experimental results

63
Cu NMR spectra Figure 2 shows the central transition lines (I z = 1/2 ↔ -1/2) of 63 Cu NMR spectra with B 0 c (left panels) and B 0 ⊥ c (right panels) for the as-synthesized Hg1223 (upper panels) and the O 2 -annealed Hg1223 (lower panels). Site assignment to Cu(1) and Cu(2) conforms to the previous work for a triple-layer superconductor [10] . Figure 2 shows higher orientation of the present powder samples than that in [7] . 
Cu NMR spin-echo (arb. units) We focus on the central transition line (I z = 1/2 ↔ -1/2) in the second order perturbation of a nuclear quadrupole interaction with uniaxial electric field gradients [11] . The c axis is the maximum principal axis of the electric field gradient tensor. Then, the resonance frequency ν cc for B 0 c is expressed by the Knight shift K cc as
The resonance frequency ν ab for B 0 ⊥ c is expressed by the Knight shift K ab and the second order quadrupole shift as
where 63 ν Q is the nuclear quadrupole resonance frequency along the maximum principal axis. The NQR frequencies 63 ν Q 's were estimated to be 9.0 MHz at the inner Cu (1) [12, 13, 14, 15] .
Single transition lines in Fig. 2 (a) were observed both in the normal state and the superconducting state of the as-synthesized Hg1223 for B 0 c. Hence, not only the spin shift K cc spin but also the orbital shift K cc orb at Cu(1) are identical to those at Cu (2) . From the assynthesized Hg1223 [ Fig. 2(a) ] to the O 2 -annealed Hg1223 [ Fig. 2(b) ] for B 0 c, the heat treatment with oxygen annealing leads to separate the single lines into two lines and shift them toward the higher frequency side in the normal state. Between 90 and 134 K in Fig. 2(b) , triple Gaussian functions reproduce the NMR spectra, so that three Knight shifts for B 0 c were estimated.
Two lines in Fig. 2 (c) are separated mainly due to the difference in the quadrupole shifts at Cu(1) and Cu(2) for the as-synthesized Hg1223 with B 0 ⊥ c. Two broad lines in Fig. 2(d) are separated due to the double differences in the quadrupole shifts and the spin Knight shifts at Cu(1) and Cu(2) for the O 2 -annealed Hg1223 with B 0 ⊥ c. More than two lines of Cu(2) spectra with B 0 ⊥ c in Fig. 2(d) indicate multiple ν Q (2)'s for the O 2 -annealed H1223, which are consistent with multiple zero-field NQR spectra [16] . Figure 3 shows 63 Cu Knight shifts 63 K αβ (1, 2) (αβ = cc and ab) in Hg1223 from underdoped to optimally doped, which were estimated from Fig. 2 by using (1) and (2) . For the as-synthesized Hg1223, K αβ (1) is nearly the same as K αβ (2) . All the Knight shifts K αβ (1, 2) decrease with cooling in the normal state, which indicates the opening of a large pseudogap. We estimated ∆K cc spin /∆K ab spin = 0.42. The inner plane spin susceptibility χ s (1) is nearly the same as the outer plane χ s (2). The distribution of the doped holes is uniform in the three layers. The uniform hole distribution in the three layers is consistent with a coalescence of the three-derived Fermi surfaces predicted by a band theory [17] . The uniform hole distribution in the inequivalent CuO 2 planes has also been found in the previously reported Hg1223 [4, 6] and the underdoped triple-layer Tl 2 Ba 2 Ca 2 Cu 3 O 10−δ [18] .
63 Cu Knight shifts
For the O 2 -annealed Hg1223, all the Knight shifts K αβ (1, 2) are nearly independent of temperature in the normal state and decrease below 90 K but not 134 K. The differences between K αβ (1) and K αβ (2) in the normal state are nearly independent of temperature above 134 K. The temperature independent spin susceptibility is typical for the optimally and overdoped superconductors. The lowest frequency component in the triple Gaussian functions for B 0 c starts to decrease below 134 K.
We consider three possible reasons why no drop at 134 K in K cc,ab (1,2) but the drop at 90 K is found for the O 2 -annealed Hg1223, (i) the inhomogeneous oxygen distribution with overdoped T c2 = 90 K, (ii) coexistence of vortex solid and liquid states [19, 20] , and (iii) bifurcation of superconducting order parameters in the inner and outer CuO 2 planes [21] . A slightly overdoped Hg1223 is known to be synthesized [8] . An overdoped T c2 = 90 K could be the first in Hg1223. Irreversibility lines of Hg1223 are lower than those of Tl-layer cuprate superconductors [22] . Then, a vortex liquid state may be broad in a magnetic filed vs temperature diagram of Hg1223. Different superconducting order parameters at Cu(1) and Cu(2) could result from a magnetic bilayer coupling. The hole concentration p is estimated from [8] . A triangle [4] , a cross [6] , a square [5] , and closed circles (the present works) indicate pseudogap temperatures T * 's. Open circles are T c 's. A dotted curve is guide for the eye. and start to decrease separately at T * = 143 K. Below T * = 143 K and in the superconducting state below 134 K, the temperature dependence in (1/ 63 T 1 T ) cc of Cu (2) is different from that of Cu(1). (1/ 63 T 1 T ) cc of Cu(2) shows a secondary rapid decrease below T c2 = 90 K, which may be associated with the drop of the Knight shift at 90 K. Nearly the same T dependences above 143 K and the large difference below 134 K at Cu(1) and Cu(2) have been found in (1/ 63 T 1 T ) ab for B 0 ⊥ c. (1/T 1 ) ab /(1/T 1 ) cc ∼ 1.7 around 200 K was estimated for both samples. Figure 5 shows a phase diagram of Hg1223 with respect to the hole concentration p [8] . The pseudogap temperatures T * 's and T c 's are plotted against the hole concentration p. T * monotonically decreases as p increases both for Cu (1) and Cu(2) in Hg1223. The uniform pseudogap temperatures T * 's characterize Hg1223.
4. Discussions 4.1. Even and odd number of CuO 2 planes per unit cell Figure 6 shows temperature evolution of 63 Cu spin Knight shifts 63 K ab spin 's for a single-layer HaBa 2 CuO 4+δ (Hg1201) with T c = 98 K [23] , a double-layer HaBa 2 CaCu 2 O 6+δ (Hg1212) with T c = 127 K [24] , and the present triple-layer Hg1223 with T c = 134 K at the optimally doping level. 63 K ab spin of Hg1212 is smaller than that of Hg1201. 63 K ab spin of Hg1223 is larger than that of Hg1212. Figure 6 indicates that the value of the 63 Cu spin Knight shift 63 K ab spin at 280−300 K depends on whether the number of CuO 2 planes per unit cell is even or odd. Figure 7 shows the room temperature 63 Cu spin Knight shifts 63 K ab spin (RT) at the optimally doping level against the number n of CuO 2 planes per unit cell. The values 63 K ab spin 's at 280−300 K are adopted as the room temperature shifts. Data for optimally doped Hg1234 (HgBa 2 Ca 3 Cu 4 O 10+δ ) are from [25] . The relation of 63 K ab spin (RT) vs p for the single layers is different from that for the double layers [26] , which breaks a single universal relation of spin (RT) vs p in [27] . The value of 63 K ab spin (RT) for the even number of CuO 2 planes per unit cell is smaller than that for the odd number of CuO 2 planes per unit cell. The number parity of the CuO 2 planes plays a significant role in 63 K ab spin (RT). The value of 63 K ab spin (RT) at the optimally doped level tends to decrease as the number n of the CuO 2 planes increases. All the inner and outer 63 K ab spin (RT)'s in an optimally doped five-layer superconductor Hg1245 [28] are larger than those in the four-layer Hg1234 [25] , but the single 63 K ab spin (RT) for the two inner Cu sites in the five-layer Hg1245 is smaller than that in the double-layer Hg1212 [24] .
An intrabilayer coupling is no chief ingredient for the pseudogap, because the pseduogap is in the single layer Hg1201 [23, 29] . However, the intrabilayer superexchange coupling constant J b between the double CuO 2 planes in antiferromagnetic insulators YBa 2 Cu 3 O 6+δ is estimated to be J b ∼ 0.1J with an in-plane superexchange coupling constant J from observation of an optical magnon [30, 31, 32] . The intrabilayer coupling may induce spin pairing between adjacent CuO 2 planes and then may enhance the spin pseudogap, so that the uniform spin susceptibility of the even number of CuO 2 layers may be smaller than that of the odd number of CuO 2 layers [33, 34, 35, 36] .
The O 2 -annealed Hg1223 shows 63 K αβ spin (2) > 63 K αβ spin (1) in the normal state. We consider two possible reasons for their difference with the uniform hole distribution. One is a constant second spin susceptibility, which was inferred from anisotropic Knight shifts of single crystals Hg1201 [37, 38] . Such a second spin susceptibility of Cu(2) may be different from that of Cu (1) . The other is the intrabilayer coupling effect with a doping dependent J b . The number of the nearest neighbor CuO 2 plane is 2 at Cu(1) and 1 at Cu(2). Then, we speculate the mean field expressions of χ s (1) = χ s /(1 + 2J b χ s ) and χ s (2) = χ s /(1 + J b χ s ) which lead to χ s (2) > χ s (1). 
and A ab A cc ≈ − r A + r u − 2 r A + r u − 2r A r u .
Substituting r u = 0.42 and r AF = 1.7 into (3) and (4), we estimated the ratios of the 63 Cu hyperfine coupling constants for the as-synthesized Hg1223 as A cc /4B = −0.59, A ab /4B = −0.03 and A ab /A cc = +0.05. Assuming A ab + 4B = 182 kOe/µ B [39] , we obtained the values of A cc = −110, A ab = −5.6, and B = 47 kOe/µ B for the underdoped Hg1223. Cancellation of a relatively large core polarization and a spin dipole field from the 3d x 2 −y 2 orbital can result in the small negative A ab [40] .
Conclusions
The site-selective 63 Cu NMR results indicate uniform hole distribution in the three CuO 2 planes of Hg1223 near the optimally and less doping levels. For the Hg-based multilayer cuprate superconductors at the optimally doping level, the room temperature spin shift 63 K ab spin in the even number of CuO 2 planes per unit cell is smaller than that in the odd number of CuO 2 planes per unit cell.
